ABSTRACT LAYTON, HERBERT W. (Northwestern University Medical School, Chicago, I11.), AND Guy P. YOUMANS. Effect of dietary factors upon the resistance of albino mice to experimental infection with Mycobacterium tuberculosis. J. Bacteriol. 90:958-964. 1965.-Each of the major nutritional components of a synthetic diet was quantitatively altered to determine its effect upon the resistance of albino mice to infection with Mycobacterium tuberculosis. The animals were challenged after the first 2 weeks of feeding, and the percentage that survived acute death was determined statistically. The level of protein which provided the greatest percentage of survival was 30%; increases or decreases from this level were detrimental. The optimal fat level was found to be 5% for either corn oil or coconut oil. Survival decreased when greater amounts of oil were added, and this effect was especially marked for 40% coconut oil. Vitamin A enhanced survival when increased from the normal level of 20,000 units per kg of diet to 160,000 units, but further increases were harmful. An amount of 75 g/kg of a vitamin B complex mixture afforded optimal resistance, but 25-g shifts in either direction lowered this resistance. Vitamin K-free diets resulted in high levels of survival, and addition of the vitamin resulted in proportional decreases in resistance.
Nutrition has long been considered an important factor in the host-parasite relationship of tuberculosis. The prevalence of the disease among those living under low economic conditions or undergoing the stress of war has been attributed, in part, to nutritional deficiencies. Tuberculosis mortality was greatly increased during World War I in Germany, Austria, and Belgium, where malnutrition was widespread (Rich, 1951) . The mortality rate in Denmark increased also, but then decreased when the blockade allowed distribution of meat and other foods throughout the country (Faber, 1938) . During World War II, Holland experienced a sharp curtailment of protein, fat, and caloric intake, and also suffered a rise in tuberculous deaths (Hoefnagels, 1950) .
Many experiments have been conducted to determine the effect of specific dietary components upon the course of the disease. Many different diets, animal types, infecting levels, and assays for resistance have been employed, and conflicting results have been obtained. In addition, most workers have studied only one or two nutritional factors. It was desired, therefore, to investigate the effect upon resistance of a series of major nutritional components, with the use of the same experimental model for all. Albino mice infected with Mycobacterium tuberculosis strain H37Rv composed the model with which protein, fat, vitamin A, B-complex vitamins, and vitamin K, at various concentrations, were allowed to interact.
MATERIALS AND METHODS
Experimental animals. CF-1 male mice were employed in all experiments. They were distributed randomly, 10 to a cage, and provided with a Rockland pellet diet and tap water. Each week, the wood-shaving bedding was changed, the animals were weighed, and the mean body weight of the mice in each cage was determined. When the mean weight reached 22 to 24 g, the mice were given the experimental diets; 2 weeks later they were infected. They then were observed daily, and any deaths were recorded. No mice were included in the data unless autopsy disclosed a level of gross pulmonary tuberculosis which provided reasonable assurance of tuberculous death. The surviving animals were killed after 42 days.
Diets. The basal diet employed was a modification of that formulated by Brush et al. (1957) , and consisted of the ingredients listed in Tables  1 and 2 . The dry substances and the vitamin mix-958 EFFECT OF DIET UPON TUBERCULOSIS Challenge organisms. The mice were challenged intravenously with 0.25 mg (wet weight) of a fine suspension of M. tuberculosis H37Rv. This level of infection was found to provide a more sensitive measure of nutritional effects than the 1-mg level normally used in this laboratory. The organisms were grown on the surface of a modified Proskauer and Beck synthetic medium, and were harvested after 2 to 3 weeks. The procedures for preparing the medium and the infecting suspension have been described by Youmans and Karlson (1947) .
Statistical analysis. In each experiment, there were 20 to 40 infected mice per dietary level and 10 noninfected, dietary controls. Each experiment was repeated at least once, and the data from all experiments were pooled for analysis.
The host-parasite relationship in the mouseH37Rv model is characterized by a series of acute deaths, which are normally distributed, followed by an extended period of chronic deaths, which form an irregular pattern (Youmans and Youmans, 1957 ). An alteration in resistance is manifested by an alteration in the proportion of chronic deaths. By employing Hoyt's method for determining the cut-off point between acute and normal deaths (Hoyt, Moore, and Thompson, 1962) , it was possible to ascertain the percentage of mice which survived the acute death period. These percentages then were compared by the chi-square method.
RESULTS AND DISCUSSION Protin levels. Protein concentrations of 10, 20, 30, and 40% were studied by altering the amount of casein. Corn oil and coconut oil were employed separately, but no differences were found, and these two groups were combined to provide a better measure of protein influence. The data from these experiments are presented in Table 3 . As indicated by the per cent survival figures, 30% protein was most beneficial for survival. This grou'p differed significantly from the Rockland diet (P <0.001), 10% protein (P <0.001), and 40% protein (P <0.01) groups.
Low levels of protein have been found to favor the tubercle bacillus in guinea pigs (Ratdliffe, 1954) , hamsters (Ratcliffe, 1952) , rats (Koerner, Getz, and Long, 1949) , and mice (Howie and Porter, 1950; Dubos, 1955; Hedgecock, 1955 Koerner et al. (1949) found that 40% protein was better than lower levels in preventing the multiplication and spread of bovine tubercle bacilli in rats. Hedgecock (1955) , however, showed that 40% protein decreased the survival of tuberculous CF-1 mice from an optimum afforded by 20% protein. Our results support his findings. The growth of mice provided with 40% protein was equivalent to that of mice on normal diets, so an explanation for the decrease in resistance must be sought elsewhere. To increase protein from 20 to 40%, the amount of carbohydrate must be decreased. This decrease from 67 to 47% may provide insufficient carbohydrate for energy requirements, and may require the oxidation of fatty acids and proteins. This could result in the production of ketone bodies at such a rate that the resistance of the mouse would be decreased. Fat concentrations. The normal 5% concentration of corn oil or coconut oil was increased to levels of 20 and 40% or was decreased to zero. The results from three experiments are presented in Table 4 .
For both oils, the 5% concentration provided the greatest percentage of survivors, and resistance was lessened by an increase or decrease from this level. Survival values for mice fed 5% coconut or corn oil differed significantly (P <0.05 or lower) from those for mice given 20% corn oil, 40% corn oil, 40% coconut oil, and Rockland pellets. The only difference between the two oils was detected at the 40% level. Mice fed 40% coconut oil displayed very low resistance, and their survival values differed significantly from those for all other groups (P <0.001).
The weight values are in close agreement except for the 40% coconut oil group. These mice were approximately 2 g lighter at infection time and at 8 weeks. The lag in growth occurred during the first 2 weeks on the diet, but after this their rate of growth was equal to that of the other groups. This phenomenon of a decrease in resistance with an increased fat intake has been observed in other experimental models. Increased amounts of corn oil resulted in decreased survival times for chickens infected with avian tubercle bacilli (Solotorovsky et al., 1961) . Albino mice provided with various oils at a 20% level were less resistant to human tubercle bacilli than were those fed a fat-free diet (Hedgecock, 1948) . The oral administration of olive or cod liver oil to rabbits or guinea pigs produced an increase in lesions and a greater spread of tubercle bacilli (Negre, 1932; Troteanu, 1929) . Since the intravenous injection of glycerol into guinea pigs and rats also resulted in a greater number of lesions (Long and Vorwald, 1930) , it is possible that glycerol is partly responsible for the decreased resistance of animals fed high fat diets. It is known that human tubercle bacilli grow quite well in medium containing glycerol.
It also is possible that ketosis might be responsible for the decrease in resistance. To increase dietary oil from the normal 5% level, it was necessary to decrease the percentage of carbohydrate. Such low carbohydrate diets would result in the breakdown of fat for energy, with the formation of ketone bodies by the liver. These substances, if not metabolized by extrahepatic tissues, can be harmful to the animal. Ketone bodies also can stimulate the growth of mycobacteria in low pH environments, which are known to occur inside phagocytic cells after the engulfment of particles (Dubos, 1953) .
In addition to the decreased resistance produced by an increase in dietary oils, an effect due to fatty acid composition was found. This difference between saturated coconut oil and unsaturated corn oil was not seen at the 5% level, but was quite marked for mice given 40% oil. The two oils differ widely in their fatty acid composi- Okey et al. (1961) found that the serum and liver lipid composition of rats fed 10% coconut oil or cottonseed oil (50% linoleic and 25% oleic) differed only slightly for fatty acids of fewer than 16 carbon atoms. Some of the longer chain fatty acids were affected by diet. Cottonseed oil, which is similar to corn oil, produced high levels of linoleic acid, whereas coconut oil produced greater proportions of palmitic and oleic acids (Lis and Okey, 1961; Okey et al., 1961) . Should the same fatty acid composition occur in mouse tissues, decreased resistance in mice fed 40% coconut oil could be explained. The higher oleic acid content might favor the tubercle bacilli, since it has been reported that they are stimulated by it in vitro in the presence of serum albumin (Dubos and Davis, 1946) . The higher levels of palmitic acid which occur could lead to the production of large amounts of ketone bodies, since palmitic forms almost four times as much acetoacetate as do short-chain fatty acids (Deuel et al., 1936) . This also could favor the bacteria. In addition, linoleic acid has been found to inhibit mycobacteria in vitro (Youmans and Youmans, 1954) , so the higher levels of linoleic acid occurring in animals fed unsaturated oil could produce the same effect in vivo. Vitamin A concentrations. Vitamin A concentrations ranging from 0 to 320,000 units per kg of diet were studied in four experiments (Table  5 ). The greatest protection was provided by 160,000 units of vitamin A, and protection lessened as the amount of vitamin was decreased or increased. The survival value for the 160,000 unit group differs significantly from that for the vitamin A-free (P <0.001), the 240,000 unit (P <0.02), and the 320,000 unit (P <0.02) groups. The alterations in vitamin A had no effect upon animal weight. All groups weighed essentially the same at infection time and at the completion of the experiment. Other workers have found vitamin A-deficient diets to have an adverse effect upon the course of tuberculosis in guinea pigs (Smith, 1923; Steiner, Green, and Kramer 1937) , rabbits (Steiner et al., 1937) , chickens (Solotorovsky et al., 1961) , and mice (Finkelstein, 1932) . Getz (1954) has reported a decrease of serum vitamin A alcohol in tuberculous humans, who apparently require above normal levels of the vitamin. Vitamin A is known to be req-uired for normal maintenance of epithelial tissues, and it may be involved in maintenance of phagocytic cells, since decreased levels result in lowered phagocytic activity (Cottingham and Mills, 1943) .
Excessive amounts of vitamin A also resulted in a reduced rate of survival. The levels used were not toxic for the animals, since the controls gained weight normally and appeared healthy. High levels of dietary vitamin A have been shown to produce increased levels of serum vitamin A in rats (Josephs, 1942; Glover, Goodwin, and Morton, 1947) and humans (Van Bruggen and Straumfjord, 1948) . This excess vitamin VOL. 90, 1965 on November 6, 2017 by guest http://jb.asm.org/
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A may be directly stimulating the tubercle bacilli, since Hunderfund and Solotorovsky (1964) found greatly increased cell yields for mycobacteria cultivated in broth containing high levels of vitamin A. Sadhu and Brody (1947) showed that rats given high levels of vitamin A respond with depressed basal metabolism and reduced thyroid weights. They feel that vitamin A interferes with the action of thyroxine. This could result in decreased resistance.
Vitamin B concentrations. The results of two experiments involving the B-complex vitamins are presented in Table 6 . The optimal level for survival was 75 g of the B-complex mixture per kg of diet. Decreasing this concentration to 25 g/ kg reduced survival significantly (P <0.001), and raising it to 100 g/kg had a like effect (P <0.02).
The B-complex vitamin mixture utilized in the vitamin studies contained lesser amounts of most B vitamins than the complete vitamin fortification mixture used in the protein and oil experiments. Thiamine, riboflavine, pyridoxine, and niacin were present at one-tenth their concentration in the complete mixture. The survival time for animals receiving the B-complex mixture did not differ from that of Rockland-fed controls, but the survival of mice given the complete vitamin mixture was significantly greater than that of their Rockland controls. It would appear that the deficiency in the four 13 vitamins mentioned was responsible for the decreased survival times for mice receiving 50 and 25 g of B-complex mixture. Indeed, animals receiving the latter concentration were unable to attain normal growth, and experienced a decrease in weight over the 8-week period of the experiment. In addition, it has been shown by Bekierkunst, Artman, and Silman (1964) that lungs, livers, and spleens of tuberculous mice contain a nicotinamide adenine dinucleotidase concentration which is at least twice that for normal mice. The nicotinamide adenine dinucleotide (NAD) concentration of the liver was concomitantly decreased. Should the nicotinamide adenine dinucleotidase be acting directly upon the NAD of these tissues, the metabolism of niacin-deficient mice would be severely impaired.
Increasing the B-complex mixture to 100 g/kg produced a decrease in survival. Only the concentration of choline and inositol exceeded that in the complete vitamin mixture. Both of these are lipotropic agents, and may be exerting an effect by their involvement in lipid metabolism.
Vitamin K concentrations. Vitamin K was supplied at levels ranging from 0 to 100 mg of menadione sodium bisulfite per kg of diet. The results from two experiments are presented in Table 7 . The vitamin K-free diet afforded an optimal per cent survival, and this was reduced significantly by increasing the level to 25 (P <0.01) and 100 mg/kg (P <0.001). The group receiving the basal concentration of vitamin K (50 mg/kg) was just barely insignificant at the 0.05 level. Body weights were unaffected by the alterations in vitamin K concentration.
Since vitamin K is concerned with the bloodclotting mechanism, and is structurally similar to phthiocol, it had been postulated that increasing concentrations would be beneficial to the host.
MIaintenance of normal blood-clotting time would allow less spread of the bacteria, and interference with the synthesis of phthiocol, which is a chemical constituent of the tubercle bacillus, might retard growth of the microorganism. Since synthesis of vitamin K does occur in the intestinal tract, it is impossible to determine how much vitamin K is available to the host or the parasite. The use of germ-free animals might be necessary for further exploration of this problem.
The results of this paper have shown that nutrition does influence the course of tuberculosis in the male albino mouse. An optimal concentration for survival was found for each major dietary component studied, and increases or decreases resulted in significantly lower survival values. In view of these optimal levels, closer control of dietary factors is definitely indicated to increase resistance in this particular host. Excessive fat and vitamin K intake should be avoided, while increases in vitamin A should be beneficial to a point. A study has been initiated to determine whether the utilization of these optimal levels in the same diet will result in greater survival than is afforded by the normal diet or the more favorable altered diets.
It is anticipated that the results obtained in the mouse might be applicable to humans afflicted with Ml. tuberculosis. A few studies have indicated that nutritional factors are involved in human disease also. Protein deficiencies have been found to decrease resistance (Long, 1958) . Lowered blood vitamin A levels were observed in direct proportion to the extent of disease (Getz, 1954) , and vitamin B deficiencies also have been found in tuberculous humans (Long, 1958) . In the past, lipids were used in the treatment of tuberculosis, but this practice has been discontinued. High fat-low protein-moderate carbohydrate diets do demand less of the cardiorespiratory mechanism (McCann, 1922) , and it has been found that low protein-higher fat diets enable mice to survive as well as those given a normal diet (Dubos, 1955; Howie and Porter, 1950) . Under these conditions, increased levels of fat may be beneficial. The influence of fat upon resistance requires much fur-
